A carbon-paste electrode spiked with 1-[4-(ferrocenyl ethynyl)phenyl]-1-ethanone was constructed by the incorporation of 1-[4-(ferrocenyl ethynyl)phenyl]-1-ethanone in a graphite powder silicon oil matrix. It shown by cyclic voltammetry and double potential-step chronoamperometry, which this ferrocene derivative modified a carbon-paste electrode, can catalyze the ascorbic acid oxidation in an aqueous buffered solution. It has been found that under the optimum conditions (pH 7.00), the oxidation of ascorbic acid at the surface of this carbon paste modified electrode occurs at a potential of about 260 mV less positive than that of an unmodified carbon-paste electrode. The catalytic oxidation peak current was linearly dependent on the ascorbic acid concentration, and a linear calibration curve was obtained in the range of 6 × 10 -5 M -7 × 10 -3 M of ascorbic acid with a correlation coefficient of 0.9997. The detection limit (2σ) was determined to be 6.3 × 10 -5 M. This method was also used for the determination of ascorbic acid in some pharmaceutical samples, such as effervescent tablets, ampoules and multivitamin syrup, by using a standard addition method. The reliability of the method was established by a parallel determination against the official method.
Introduction
There is a perceived and increasing demand for simple, inexpensive and rapid analytical tests for determining the concentrations of biologically and clinically important compounds. Electrochemical techniques have been particularly studied for these applications. In electrochemical methods an applied potential is used between reference and working electrodes for the oxidation or reduction of an electroactive species. This process gives rise to either an anodic or a cathodic current, which may be related to the concentration of a compound in solution. Working electrodes may be constructed from different materials; for example, noble metals, such as platinum [1] [2] [3] [4] and gold, [5] [6] [7] have been successfully used for several applications. Recently, much interest has centered on the use of carbon as an inexpensive substrate for electrochemical techniques; unfortunately, it rarely lends itself to direct biomedical analyses, owing to the often impractically high activation overpotential required for the oxidation or reduction of biomolecules at its surface. This is an important disadvantage because the specificity is inversely related to the magnitude of the applied potential.
Fortunately, promising advances towards improved selectivity in a carbon-based working electrode have been achieved through judicious surface modifications of the working electrode with various redox mediators, which facilitate charge transfer between the electrode and an electroactive species in solution at much lower potentials than would otherwise be possible.
The carbon-based modified electrode can be constructed by incorporating an electroactive substance into a carbon-paste matrix. A carbon-paste electrode was first reported by Kuwana and French in 1964, 8 and has been applied until now for preparing of chemically modified electrodes for several purposes, such as the determination of trace amounts of some substances, [9] [10] [11] as electrochemical sensors for the analysis on biologically important compounds, [12] [13] [14] [15] for electrocatalysis, [16] [17] [18] [19] [20] etc. To construct chemically modified carbon-paste electrodes, various redox mediators have been used, such as organometallic compounds, for example, the ferrocenes, [21] [22] [23] phthalocyanines 24, 25 and metalloporphyrins 26, 27 and several organic mediators, including quinines, [28] [29] [30] phenotiazine, 31 etc.
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The electrochemical determination of ascorbic acid is very important because vitamin C occurs in different concentrations in a variety of natural samples, and it is added to several pharmaceutical products as an essential ingredient, a stabilizer for vitamin B complex, and as an antioxidant. Some chemically modified electrodes with various active mediators immobilized at the electrode surface for the mediated oxidation of ascorbic acid have been used. 17, 22, 35 In most cases, the electrode substrates were glassy carbon, Pt, Au and graphite. However, some authors have emphasized that the instability of the attached or absorbed materials on the electrodes is a problem arising in the utilization of chemically modified electrodes. 17 In this paper, we discuss the preparation and suitability of a 1-[4-(ferrocenyl ethynyl)phenyl]-1-ethanone modified carbonpaste electrode as a new electrocatalyst in the electrocatalysis and determination of ascorbic acid in an aqueous buffer solution by cyclic voltammetry and double potential-step chronoamperometry. In order to demonstrate the catalytic ability of this modified electrode in the oxidation of ascorbic acid in real samples, we examined this ability in the voltammetric determination of ascorbic acid in some pharmaceutical preparations.
Experimental

Reagents and materials
The solvent used for electrochemical studies was twicedistilled water. Lithium perchlorate from Fluka was used as the supporting electrolyte. The 1-[4-(ferrocenyl ethynyl)phenyl]-1-ethanone was prepared by a reported procedure. 36 Ascorbic acid was from Fluka and was used as received. Buffer solutions were prepared from orthophosphoric acid and its salts in the pH range 2.00 -11.00. High-viscosity sillicon (density = 0.97 g cm -3 ), 1-bromonaphthalene and paraffin (density 0.88 g cm -3
) from Fluka were used as the pasting liquid for the carbon-paste electrode. Graphite powder (particle diameter = 0.1 mm) from Merck was used as the working electrode (WE) substrate. All other reagents were of analytical grade.
Pharmaceutical preparations
The following commercial ascorbic acid formulations available from local sources were subjected to the described analytical procedure: (1) Tablets containing sodium saccharin combined with ascorbic acid (effervescent tablets); (2) Ampoules containing ascorbic acid as the single component; and (3) Multivitamin syrup containing vitamins A, B1, B2, B6, B12, D3, E and C and nicotinamide. 
Instrumentation
Electrochemical experiments were carried out using a potentiostat/galvanostat (BHP 2061-C Electrochemical Analysis System, Behpajooh, Iran) coupled with a pentium II personal computer connected to a HP laser jet 6L printer. A platinum wire was used as the auxiliary electrode. A carbon-paste electrode spiked with 1-[4-(ferrocenyl ethynyl)phenyl]-1-ethanone (4-FEPEMCPE) and a double-junction Ag|AgCl|KClsat electrode (Metrohm) were used as the working and reference electrodes, respectively. A pH meter (Ion Analyzer 250, Corning) was used to read the pH of the buffered solutions.
Procedures for pharmaceutical preparations
Injection: A 1 ml ampoule volume was transferred to a 100 ml flask and diluted to volume with bi-distilled water. A 1 ml portion of the solution was diluted in a voltammetric cell to 10 ml of 0.1 M phosphate buffer (pH 7.00) and 0.1 M LiClO4, and the cyclic voltammogram was recorded. Effervescent vitamin C tablets: A 100 mg portion of a finely powdered sample was dissolved in a 50 ml flask with bidistilled water. A 1 ml portion of the solution was diluted in a voltammetric cell to 10 ml of 0.1 M phosphate buffer (pH 7.00) and 0.1 M LiClO4, and the cyclic voltammogram was recorded.
Multivitamin syrup: A 5 ml multivitamin syrup volume was transferred to a 50 ml flask and diluted to volume with bidistilled water. A 1 ml portion of the solution was diluted in a voltammetric cell to 10 ml of 0.1 M phosphate buffer (pH 7.00), and 0.1 M LiClO4 and the cyclic voltammogram was recorded.
Iodine titration method: A 0.05 M iodine solution was standardized in the usual way with a primary standard of As2O3 or titrisol thiosulfate solution. For a pharmaceutical analysis, an iodimetric procedure, described in the US pharmacopeia (USP), was used.
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Results and Discussion
Electrochemistry of a 1-[4-(ferrocenyl ethynyl)phenyl]-1-ethanone modified carbon-paste electrode (4-FEPEMCPE)
According to our knowledge, there is no report on a study of the electrochemical properties and especially the electrocatalytic activity, of 1-[4-(ferrocenyl ethynyl)phenyl]-1-ethanone (4-FEPEMCPE) in aqueous media. Because this compound is insoluble in aqueous media, we prepared 4-FEPEMCPE. Therefore, we studied the electrochemical behavior of 4-FEPEMCPE in a pure buffered aqueous solution by cyclic voltammetry. Figure 1a shows cyclic voltammograms of 4-FEPEMCPE in a 0.1 M phosphate buffered aqueous solution (pH 7.00) with 0.1 M LiClO4 as the supporting electrolyte. As can be seen, the cyclic voltammogram exhibits an anodic peak at a forward scan of the potential related to the oxidation of the ferrocene nucleus (Fc) to Fc + , whereas at a reverse scan of the potential, a cathodic peak appears related to the reduction of Fc + . The cyclic voltammogram of bare CPE in pure supporting electrolyte shows no anodic or cathodic peaks (Fig. 1b) . The experimental results show that well-defined and reproducible anodic and cathodic peaks related to Fc/Fc + couple. Therefore, the Fc/Fc + redox system can be used as a mediator for the electrocatalysis of some important biological compound with slow electron transfer.
A summary of the electrochemical data for the mediator spiked in carbon paste electrode is presented in Table 1 . As can be seen, the peak separation potential, ∆Ep (= Epa -Epc), is greater than the (59/n) mV expected for a reversible system. This result suggests that a Fc/Fc + redox couple in 4-FEPEMCPE shows a quasi-reversible behavior in an aqueous medium. In addition, the effect of the scan rate of the potential on the electrochemical properties of the Fc/Fc + redox in 4-FEPEMCPE was studied in an aqueous solution by cyclic voltammetry (Fig.  2A) . The plots of the anodic and cathodic peak currents against the square root of the sweep rate (ν 1/2 ) show that the Ip values were linearly dependent on ν 1/2 with a correlation coefficient of 0.999 at all scan rates (v = 10 -1000 mV s -1 ) (Fig. 2B ). This behavior indicates that the nature of redox process is diffusion controlled.
The effect of the aqueous solution pH on the electrochemical behavior of the Fc/Fc + redox couple has been studied. The obtained result shows that the variation in the pH has no effect on the half-wave potential of the Fc/Fc + redox system, because the redox process of Fc + / Fc is not dependent on the pH.
Stability of 4-FEPEMCPE
Prior to using 4-FEPEMCPE as a mediator for the electrocatalytic oxidation of some biological compounds, such as ascorbic acid, the rate loss of electrochemical activity for this electrode was investigated. This rate was evaluated by noting any decrease in the anodic charge in consecutive potential scan cycles. The results show that the anodic and cathodic peak currents of the 1-[4-(ferrocenyl ethynyl)phenyl]-1-ethanone/1-[4-(ferroceniume ethynyl)phenyl]-1-ethanone couple decreased; consequently the electrochemical activity of a carbon-paste electrode spiked with 4-FEPE was reduced during successive scans, without any change in the half-wave potential (E1/2). The decrease in the electrochemical activity may be due to either decomposition or removal of the 1-[4-(ferroceniume ethynyl)phenyl]-1-ethanone ion produced at the electrode by dissolution into the aqueous solution. According to the above results, surface regeneration of the 4-FEPEMCPE before each experiment is necessary. Therefore the effects of the supporting electrolyte and the nature of the paste liquid were also investigated. The results show that the rate of loss of the electrochemical activity in the case of silicon and LiClO4 was minimum.
Electrocatalytic oxidatian of ascorbic acid
The electrochemical behavior of ascorbic acid is dependent on the pH value of an aqueous solution. Therefore, we studied the electrochemical behavior of ascorbic acid in buffered solutions with different pH values (1.00 ≤ pH ≤ 11.00) at the surface of 4-FEPEMCPE. The obtained results show that 4-FEPE spiked in CPE can catalyze the electrooxidation of ascorbic acid at all tested pH values (Fig. 3) . As can be seen, the electrocatalytic effect of 4-FEPEMCPE was improved by increasing the solution pH, in which the anodic peak potential of ascorbic acid was shifted to a less-positive potential. Therefore, the shifted potential value for electrooxidation of ascorbic acid is high at a biological pH (pH 7.00). Thus, we chose this pH value as the optimum solution pH for the electrooxidation of ascorbic acid on the surface of 4-FEPEMCPE.
A comparison of the cyclic voltammograms of the 4-FEPEMCPE in buffered aqueous solution (pH 7.00) in the absence of a substrate (Fig. 4a) with the cyclic voltammograms of the 4-FEPE modified (Fig. 4b) and unmodified (Fig. 4c) carbon paste electrodes in the presence of ascorbic acid at the same pH, demonstrates that the electrooxidation of ascorbic acid can be catalyzed by the 1-[4-(ferrocenyl ethynyl)phenyl]-1-ethanone/1-[4-(ferrocinium ethynyl)phenyl]-1-ethanone couple as a mediator. The results show that ascorbic acid oxidation at a bare CPE occurred irreversibility with a peak potential of 591 mV vs. Ag|AgCl|KClsat (pH 7.00) with an overpotential of 690 mV compared to its thermodynamic potential (-100 mV), 38 while its oxidation potential at the 4-FEPEMCPE appeared at 331 mV vs. Ag|AgCl|KClsat. As can be seen in Fig. 4b , the anodic peak current was greatly increased over that ordinarily observed just for the Fc/Fc + redox couple spiked in CPE, while the corresponding cathodic peak was substantially depressed on the reverse-cyclic voltammetry scans. This behavior is typical of that expected for mediated or catalytic oxidation. Therefore, the oxidation of ascorbic acid at the surface of the 4-FEPEMCPE occurs at a potential about 260 mV less positive than that at a bare CPE. This value is comparable with other results ( Table 2 ). The effect of the potential scan rate on the electrocatalytic property of 4-FEPEMCPE toward ascorbic acid was studied. Figure 5A shows the cyclic voltammograms of the 4-FEPEMCPE at various scan rates. The obtained results show that the catalytic effect of the mediator appeared at all testing scan rates. It can also be noted from Fig. 5A that with an increasing scan rate, the peak potential for the catalytic oxidation of ascorbic acid shifts to more positive potentials, suggesting a kinetic limitation in the reaction between the redox sites of 4-FEPEMCPE and ascorbic acid. However, the oxidation current for ascorbic acid increased linearly with the square root of the scan rate (Fig. 5B) .
In order to obtain information on the rate-determining step, a Tafel slope, (b) was determined using the following equation for a totally irreversible diffusion controlled process:
Based on Eq. (1), the slope of Ep vs. log ν plot is (b/2), where b indicates the Tafel slope. The slope of Ep, vs. log ν plot is ∂∆Ep/∂∆(log ν), which was found to be 86 mV in this work (Fig. 6) ; thus, b = 2 × 86 = 172.2 mV. This slope indicates a transfer coefficient of α = 0.41 for one electron transfer process, which is the rate limiting step. The values of αna (where α is the transfer coefficient and na is the number of electrons involved in the rate-determining step) were calculated for the oxidation of ascorbic acid at pH 7.00 at both modified and unmodified carbon paste electrodes, according to the following equation:
Here, Ep/2 is the potential corresponding to Ip/2. The values for αna were found to be 0.38 and 0.22 for the oxidation of ascorbic acid at the surface of the modified and unmodified electrodes, respectively. These values clearly show that not only the overpotential for the ascorbic acid oxidation is reduced at the surface of 4-FEPEMCPE, but also the rate of the electrontransfer process is greatly enhanced; this phenomenon is thus confirmed by the larger Ipa values recorded during cyclic voltammetry at 4-FEPEMCPE.
Chronoamperometry
Double potential step chronoamperometry, as well as other electrochemical methods were employed to investigate of electrode processes at chemically modified electrodes. 41 Figure  7A shows the current-time curves of the 4-FEPEMCPE obtained by setting the working electrode potential at 0.7 V (at the first potential step) and 0.2 V (at the second potential step) vs. Ag|AgCl|KClsat for various concentrations of ascorbic acid in a buffered aqueous solution (pH 7.00). As can be seen, there is no net cathodic current corresponding to the reduction of mediator in the presence of ascorbic acid, while the forward and backward potential step chronoamperometry on the modified electrode in the blank buffered solution show very symmetrical chronoamperograms with an equal charge consumed for the oxidation and reduction of the Fc/Fc + redox system in the CPE ( Fig. 7B (a′) ). However, in the presence of ascorbic acid, the charge value associated with forward chronoamperometry is significantly greater than that observed for backward chronoamperometry (Fig. 7B (c′) ). Figure 7C shows plots of currents sampled at fixed time as a function of the ascorbic acid concentration, added to a blank solution (pH 7.00) at different times after the application of a potential step. Comparing of graphs (a), (b), (c) and (d) in this figure suggests that in all cases there is a similar connection between the currents measured at a fixed time and the ascorbic acid concentration, but the slope of the calibration graph is increased with a decrease in the time elapsed after a potential-step application.
For an electroactive material with a diffusion coefficient (D), the current corresponding to the electrochemical reaction (under diffusion control) is described by Cottrell's law: ), and the bulk concentration (mol cm -3 ), respectively. The plot of I versus t -1/2 would be linear, and from the slope, the value of D can be obtained. Chronoamperometry of the modified electrode in the presence of ascorbic acid represents a typical I-t curve, which indicates that the observed current must be controlled by ascorbic acid diffusion in the solution. A plot of I versus t -1/2 for a modified electrode in the presence of ascorbic acid give a straight line; the slope of such lines can be used to estimate the diffusion coefficient of ascorbic acid (D) in the range (0.8 mM -1.6 mM). The mean value of the D was found to be (6.475 × 10 -6 cm 2 s -1 ).
Electrocatalytic determination of ascorbic acid
The electrocatalytic peak current of ascorbic acid oxidation at the surface of the 4-FEPEMCPE was linearly dependent on the ascorbic acid concentration, and the range of this linearity depended on the amount of mediator in the electrode. The mediated oxidation peak current of ascorbic acid at the surface of a 1% 4-FEPEMCPE was proportional to the concentration of the substrate within the range 7 × 10 -5 M -7 × 10 -3 M with a correlation coefficient of 0.9997. The detection limit (2σ) was 6.3 × 10 -5 M (Figs. 8A and B) .
This value is comparable to the values obtained by other research groups, such as Pournaghi-Azar and coworker 22 (5 × 10 -4 M -1.6 × 10 -2 M); Tzouwava-Karayanni et al. 43 (0.01 mM) and Sun et al. 5 (1.0 × 10 -4 M -1.0 × 10 -2 M). Thus, the catalytic oxidation of ascorbic acid can readily be applied to the determination of ascorbic acid.
Determination of ascorbic acid in a real sample
In order to demonstrate the catalytic oxidation of ascorbic acid in the real samples, we examined this ability in the voltammetric determination of ascorbic acid in some pharmaceutical samples, such as effervescent tablets, vitamin C ampoules and multivitamin syrup purchased from local sources without interference from excipients and other drugs encountered.
Therefore, we studied the electrochemical behavior of the 4-FEPEMCPE in 0.1 M phosphate buffer (pH 7.00) and 0.1 M LiClO4 containing each pharmaceutical sample by cyclic voltammetry. Figure 9A shows typical cyclic voltammograms recorded for a diluted vitamin C ampoule solution (curve (a)). As can be seen in this figure, adding an unknown concentration solution of ascorbic acid to the solution caused an increase in the oxidation peak height (curves (b) to (g)). Thus, the peak was attributed to ascorbic acid oxidation.
The determination of ascorbic acid in pharmaceutical samples was carried out by the standard addition method in order to prevent of any matrix effect. Figure 9B shows a typical linear plot of Ipa versus the ascorbic acid concentration for a vitamin C ampoule sample.
The evaluation of the ascorbic acid concentration was found to be more suitable with the aid of these plots. The results for the analysis of these pharmaceutical samples with the voltammetric method compared favorably with those obtained by the USP standard method (Table 3) . 
Conclusion
This work demonstrates the construction of a chemically modified carbon-paste electrode by the incorporation of 1-[4-(ferrocenyl ethynyl)phenyl]-1-ethanone as a modifying species. The value of the peak separation potential obtained for the 1-[4-(ferrocenyl ethynyl)phenyl]-1-ethanone/1-[4-(ferroceniume ethynyl)phenyl]-1-ethanone couple suggests that the couple can act as a quasi-reversible system in the carbon-paste matrix. The electrochemical behavior of the 4-FEPEMCPE has been studied by cyclic voltammetry and double potential-step chronoamperometry in both the absence and presence of ascorbic acid. The results show that the oxidation of ascorbic acid is catalyzed at pH 7.00, whereas the peak potential of ascorbic acid is shifted by 260 mV to a less positive potential at the surface of the 4-FEPEMCPE.
Finally, the mediated oxidation current of ascorbic acid at the 4-FEPEMCPE was used to the determination of ascorbic acid in an aqueous solution, and a linear range of 6 × 10 -5 M -7 × 10 -3 M with a correlation coefficient of 0.9997 and a detection limit equal to 6.3 × 10 -5 M was obtained.
Therefore, the electrocatalytic oxidation of ascorbic acid at the surface of a 4-FEPEMCPE can be employed as a new method for the voltammetric determination of ascorbic acid in real samples, such as pharmaceutical preparations. The proposed voltammetric method is a rapid, simple, precise and suitable for routine control, and can be carried out directly without any pretreatment or separation. 
